Abstract Ignition is a key system in pulse detonation engines (PDE). As advanced ignition methods, nanosecond pulse discharge low-temperature plasma ignition is used in some combustion systems, and continuous alternating current (AC) driven low-temperature plasma using dielectric barrier discharge (DBD) is used for the combustion assistant. However, continuous AC driven plasmas cannot be used for ignition in pulse detonation engines. In this paper, experimental and numerical studies of pneumatic valve PDE using an AC driven low-temperature plasma igniter were described. The pneumatic valve was jointly designed with the low-temperature plasma igniter, and the numerical simulation of the cold-state flow field in the pneumatic valve showed that a complex flow in the discharge area, along with low speed, was beneficial for successful ignition. In the experiments ethylene was used as the fuel and air as oxidizing agent, ignition by an AC driven low-temperature plasma achieved multi-cycle intermittent detonation combustion on a PDE, the working frequency of the PDE reached 15 Hz and the peak pressure of the detonation wave was approximately 2.0 MPa. The experimental verifications of the feasibility in PDE ignition expanded the application field of AC driven low-temperature plasma.
Introduction
The Pulse Detonation Engine (PDE) which utilizes periodic detonation waves to produce thrust has attracted a great deal of attention [1] . Each working cycle of a PDE includes mixture filling, detonation initiation, detonation wave propagation, and exhaust. However, the working frequency must be increased to obtain a reasonable thrust. The key step for improving the PDE working frequency is to shorten the distance and time of the Deflagration to Detonation Transition (DDT). If the DDT distance and time are shorter, the detonation wave will be formed faster, the PDE length will be shortened, and the working frequency will be increased. The DDT is related to the valve structure, the formation of the detonable mixture, the detonation tube structure, the ignition method, and other factors. Therefore, the detonation ignition method greatly influences the DDT process. There are two types of detonation ignition processes. One is direct initiation [2] , which produces instantaneous detonation waves, but requires more energy [3] and is difficult to achieve using existing techniques. The other method is more practical and produces detonation using a small additional energy input to ignite the DDT process. A spark plug can be used to initiate the DDT process [4] ; flame jet ignition (FJI) systems are more effective since they shorten the DDT time by a factor of 3.9 compared to conventional spark ignition (CSI) systems [5] . Obstacles can enhance the flame acceleration and the DDT process by generating small and large scale turbulence [6] . Transient plasma ignition systems provide the rapid generation of a fully developed detonation in the pulse detonation combustors (PDC) system with swept-ramp obstacles with very low total pressure loss [7, 8] . In addition to ignition by spark plugs, flame jets, and pre-detonation tubes, low-temperature plasmas generated by nanosecond pulse discharges can also be used for detonation initiation. Common ways to generate low-temperature plasmas include nanosecond pulse discharges and AC driven dielectric barrier discharges. Both of these methods produce large volumes of various active particles with neutral particles, ions, electrons, and other active materials with high energy densities. These particles can ignite the combustible gases in the discharge area with the potential for very efficient combustion and low pollutant emissions [9, 10] . Wang et al. [11, 12] used a nanosecond pulsed power supply with a pulse length of ∼50 ns and pulse amplitude of ∼80 kV with coaxial electrodes. Large amounts of streaming particles can be very quickly produced between the electrodes. The ignition delay time is greatly shortened and can be used in PDE systems. The Transient Plasma Ignition (TPI) system not only improves the DDT process but also has the potential for high flow rates when spark ignition systems are no longer useful [13] . Hackard et al. [14] used nanosecond pulse discharges through round holes in the low voltage electrodes. The PDE worked well with an ethylene/air velocity of 100 m/s and a petrol/air velocity of 55 m/s harmonically.
AC driven low-temperature plasmas are mainly used for ignition and combustion-support. There are no reports of its application to PDE ignition. Previous studies [15, 16] have shown a significant decrease in the ignition limits when a combustible gas mixture passes through the discharge section. Low-temperature plasmas can ignite a large volume, with greatly enhancing the flame propagation velocity and the intensity of combustion, as well as expanded ignition limits [17−19] . The use of nonequilibrium plasmas for ignition and combustion control in different fields was summarized by Starikovskiy and Aleksandrov [20] but the power supply is difficult to manufacture. The power supply for an AC driven low-temperature plasma system with dielectric barrier discharge could be micro-miniaturized and be very reliable. The continuous discharge mode is well developed, but it cannot be applied to PDE ignition because the combustible gas mixture must be ignited continuously as it enters into the PDE and burns out in the upstream part of the PDE. Thus, there are few reports concentrating on the AC driven lowtemperature plasmas being used for PDE detonation. The PDE is characterized by intermittent and constant volume combustion; therefore, the key for applying AC driven low-temperature plasma to PDE ignition is to produce discharges at the correct frequency. In this study, a periodic low-temperature plasma was produced in the discharge area by controlling the frequency of the AC power supply. The PDE pneumatic valve and igniter were integrated into the system with a test showing the feasibility of using the AC driven lowtemperature plasma igniter in a PDE with multi-cycle denotation ignition was verified. Fig. 1 shows the multi-cycle experimental system of the PDE. The system is comprised of a PDE prototype, an air supply system, a fuel supply system, an ignition system, and a data acquisition system. The data acquisition system is the NIPXI-1042Q system developed by National Instruments. The system has 16 channels and a frequency response of 2.5 MHz. A PCB pressure sensor (model 113A22, frequency response 500 kHz) is used to measure the peak pressure and an ion probe is used to measure the flame propagation rate. The signals are connected to the data acquisition system through an amplifier and A/D (analog/digital) converter. 
PDE system
The PDE system shown in Fig. 2 included a detonation tube, a pneumatic valve, an evaporator and a spoiler. The detonation tube was 1.2 m long with an inside diameter of 60 mm. The pneumatic valve and the low-temperature plasma igniter are combined in the system and mounted on the head of the PDE. The fuel evaporator is mounted downstream of the pneumatic valve 200 mm from the head of the detonation tube. A Shchelkin spiral spoiler with a 43% blockage ratio is placed downstream of the evaporator. The length of the spiral spoiler is 500 mm with a screw pitch of 60 mm. The first pair of pressure sensor and ion probe is mounted on the detonation 900 mm from the head of the pneumatic valve and the second pair is mounted 200 mm from the first. The pneumatic valve, the key part of a valveless air breathing PDE, is carefully designed such that the back flow resistance is larger than the direct flow resistance. The structure of the pneumatic valve is shown in Fig. 3 . Pneumatic valve consists of (1) a detonation tube, (2) an atomizing channel, (3) a nozzle ring and (4) a bluff body. The igniter consists of (5) a high voltage electrode, (6) a ceramic tube, (7) an insulator and (8) a low voltage electrode. The high voltage electrode and the insulator are joined by screws while the ceramic tube is glued to the high voltage electrode. The bluff body, detonation tube, atomizing channel and nozzle ring are welded together. The pneumatic valve has a nozzle ring and an atomizing channel to improve the mixing and the circumferential uniformity. The external contour of the pneumatic valve and the bluff body create a convergent passage, so back flow of the burnt gas will experience a high flow resistance which can reduce the backflow. In the intake region, a small amount of the gas mixture flow into the discharge region between the high voltage and low voltage electrodes at a velocity of less than 10 m/s where the discharge filaments ignite the mixture. The flame fills the entire discharge region and then detonates the upstream air/fuel mixture as the flame propagates rapidly. The inside and outside diameters of the circular atomizing channel are 52 mm and 67 mm. The groove is 5 mm wide and 3 mm deep and the intake seams on both sides are 2 mm wide. The injection nozzle ring is 10 mm from the atomizing channel. The nozzle ring has ten orifices for injecting the fuel into the atomizing channel. The inside diameter of the air passage at the tail end of the bluff body is the same as the inside diameter of the detonation tube. The outside diameter of the high voltage electrode is 20 mm and it is covered by an alundum tube with an outside diameter of 25 mm. The circular low voltage electrode connected to the bluff body has an inside diameter of 33 mm and an outside diameter of 37 mm. The low voltage electrode has 32 orifices arranged in 4 lines with diameters of 4 mm. The discharge area is 40 mm long and the discharge gap is 4 mm wide.
Multi-cycle working principle of PDE
The air and fuel fill the detonation tube and the lowtemperature plasma ignites the mixture at a specified frequency. The PDE operating cycle has four stages that are shown in Fig. 4. (a) Air and fuel intake, the air and the fuel mixed in the head of the PDE flows downstream then, with part of the mixture passing through the discharge area. (b) Ignition, the discharge area is at the center of the pneumatic valve. The mixture in the discharge area ignited by lots of discharge streamers generates large volume flame, which ignites the mixture in the detonation tube. Since the pressure in the tube is higher than at the air inlet, the pneumatic valve is closed and the air stops entering the detonation tube. (c) DDT and detonation combustion. The deflagration flame is strengthened by the Shchelkin spiral spoiler, meanwhile the combustion wave catches up to the leading shock wave, and then the detonation wave generates. (d) Exhaust. After detonation, the burnt gas flows out of the tube as the last stage in the operating cycle. The frequency of the detonation operation is the same as that of the lowtemperature igniter discharge. The energy of discharge is about 0.2 J once. 
Experimental Conditions
Ethylene is used as the fuel with air as the oxidizing agent. The gauge pressure at the ram intake is 0.01 MPa.
Results and analysis

Numerical analysis of the flow field in the PDE head
The cold flow in the pneumatic valve and lowtemperature plasma igniter combination is simulated using the commercial CFD software FLUENT. The pneumatic valve model shown in Fig. 5 is created using the three-dimensional modeling software UG with the fluid region meshed by the CFD pre-processing software GAMBIT. 6 shows the streamlines in different sections defined by the holes in the low-voltage electrode for a throat air velocity of 60 m/s. The air velocities are high on the two sides of the atomizing channel. There are two annular recirculation zones with different sizes between the atomizing channel and the nozzle ring, where the air velocity is relatively low. The velocities are high at the pneumatic valve outlet with the air then flowing down between the low-voltage electrode and the detonation tube. There are recirculation zones on the lee side of the bluff body and in the region between the low-voltage electrode and the high-voltage electrode, where the air flow velocity is very low. The air flow between the electrodes is injected into the main stream through the first row of holes in the lowvoltage electrode. Some air from the main stream enters the region between the two electrodes through the second, third, and fourth rows of holes. The air flow between the two electrodes is quite complex and the velocities are less than 10 m/s. Several reverse flow regions formed in the discharge region, which improved ignition and the flame stability. Some of the combustible main-stream gas enters the discharge area between the two electrodes. The DDT progress initiated by the low-temperature plasma igniter has been studied in detail through numerical simulation in the past research [21] . The low temperature plasma is produced by the electrical discharging between the two electrodes, which generates many flame kernels. The flame then expands into the mainstream through the holes in the low-voltage electrode and the outlet between the two electrodes to ignite the mixture in the mainstream to begin the DDT process. 
Ignition and detonation properties
The theoretical characteristic parameters of the C-J detonation wave in an ethylene/air mixture at an initiated pressure of 0.1 MPa and a temperature of 300 K are calculated using Gaseq. The peak pressure, P C−J , is 1.754 MPa and the propagation velocity, V C−J , is 1826 m/s. These are used to judge whether the C-J detonation wave develops. Fig. 7 shows the flame and pressure signal timing sequences when the low-temperature plasma discharge frequency is 5 Hz. The two pictures in the upper portion of Fig. 7 show the flame signal with a partially enlarged section. The sudden drops in the curve occur when the flame passes the position of the iron probes. The lower portion of Fig. 7 shows the pressure peaks with a partially enlarged drawing. Each pair of rising pressure curves are the pressure signals when the pressure wave passes over the two pressure sensors in each cycle of the PDE. The signals in Fig. 7 show that: (1) The intermittently discharged lowtemperature plasma successfully triggers the detonation multiple times, which is necessary for the multi-cycle PDE operation. (2) Taking the 7 th cycle in the figure as an example, the pressure wave reaches the two pressure sensors at 1367.28 ms and 1367.64 ms. The pressure peaks are 2.75 MPa and 3.15 MPa. The pressure wave propagation velocity was then 555.6 m/s after dividing the propagation time of 0.36 ms by the pressure sensor distance of 0.2 m. The flame front arrived at the two ion probes at 1367.12 ms and 1367.38 ms. The flame propagation velocity was then 769.2 m/s after dividing the propagation time interval of 0.26 ms by the ion probe distance of 0.2 m. The measured pressure peak is higher than the C-J theoretical value of 1.75 MPa. This could be due to a localized explosion, but the flame propagation velocity is less than the theoretical speed of 1826 m/s while still faster than that of the pressure wave. These results illustrate that the combustion wave is chasing the pressure wave and that there is no coupling between the combustion wave and the pressure wave. Therefore, the detonation wave is not fully developed.
The detonation wave forms from the shock and combustion waves with the shock wave ahead of the combustion wave. The data in Fig. 7 show that at the same position in the detonation tube, the flame propagation signal is ahead of the pressure wave. This is because the pressure sensor is installed on the outer surface of the cooling water jacket, which is 55 mm away from the inner wall of the detonation tube. When the pressure wave propagates to the cooling water jacket, the pressure wave first propagates into the cooling water jacket and then arrives at the pressure sensors after the complex evolution of the waves. Thus, the measured time is not the time when the pressure wave propagates to the measurement position in the detonation tube, but is somewhat later. The flame signal is recorded when the flame propagated to the ion probe measurement position at the center of the detonation tube. Table 1 , the flame propagation velocity and pressure wave propagation velocity increase as the PDE operation frequency increases, but the peak pressure decreases, which is because the temperature of the detonation tube rises up with the operation frequency increasing, so does the mixture, and the combustion releasing heat will decrease in a cycle with the density of the mixture decreasing. Fig. 9 shows a photo of the PDE operating at 10 Hz. The expanding flame can be seen at both ends of the PDE because the pneumatic valve is not a perfect check valve. When the detonation tube is filled with the air/fuel mixture, the low-temperature plasma igniter discharges and the initial flame is generated then. As the flame develops, the pressure in the detonation tube increases. When the detonation wave is transmitted out of the detonation tube, the burned gas suddenly expands and forms an expanding flame. Simultaneously, because the pressure in the detonation is higher than the inlet pressure, the flame also propagates out of the inlet. When the burned gas is exhausted out of the detonation tube, the flame disappears. At this point, a full PDE cycle has been completed and a new cycle begins. The PDE then operates cyclically. Therefore, the low-temperature plasma ignition is suitable for the PDE.
The purpose of this study is to explore the feasibility of using an AC driven low-temperature plasma ignition for multi-cycle detonation. The study concentrates on whether the PDE could operate as a continuous cycle, rather than whether the C-J detonation wave becomes fully developed. The study shows that the AC driven plasma ignition was successfully applied to the PDE, which verifies the feasibility of an AC driven low-temperature plasma for PDE ignition. The PDE design can be improved by adding better combustion strengthening devices and shock wave reflectors, by improving the air/fuel mixing and other measures so that the C-J detonation wave initiated by the AC driven low-temperature plasma could fully develop. 
Conclusions
An annular coaxial low-temperature plasma igniter was designed as part of a pneumatic valve. The ethylene is used as the fuel with air as the oxidant in the multi-cycle detonation experiments in a PDE. The experiments showed that:
(1) The AC driven low-temperature plasma is successfully applied to drive a multi-cycle PDE.
(2) The operating frequency of the PDE reaches 15 Hz, the peak detonation wave pressure is approximately 2.0 MPa, the flame propagation velocity is approximately 800 m/s and there are undeveloped detonation waves in the detonation tube.
(3) Numerical simulations of the flow field in the pneumatic valve show a complex flow field and low velocities in the discharge zone that would facilitate ignition.
